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Using density functional calculations, we find that the newly synthesized Ca2FeOsO6 has the high-
spin Fe3+ (3d5)-Os5+ (5d3) state. The octahedral Os5+ ion has a large intrinsic exchange splitting,
and its t32g↑ configuration makes the spin-orbit coupling ineffective. Moreover, there is a strong
antiferromagnetic (AF) coupling between the neighboring Fe3+ (S = 5/2) and Os5+ (S = –3/2),
but the AF couplings within both the fcc Fe3+ and Os5+ sublattices are one order of magnitude
weaker. Therefore, a magnetic frustration is suppressed and a stable ferrimagnetic (FiM) ground
state appears. This FiM order is due to the virtual hopping of the t2g electrons from Os
5+ (t32g↓) to
Fe3+ (t32g↑e
2
g↑). However, if the experimental bended Fe
3+-O2−-Os5+ exchange path gets straight,
the eg hopping from Fe
3+ (t32g↑e
2
g↑) to Os
5+ (t32g↑) would be facilitated and then a ferromagnetic
(FM) coupling would occur.
PACS numbers: 75.25.Dk, 71.20.-b, 71.70.-d
I. INTRODUCTION
Perovskites ABO3 bear many functionalities such as
colossal magnetoresistance and multiferroicity, which
usually arise from their fascinating electronic and mag-
netic properties and the cross-coupling effects. Those
properties, in a correlated electron system, often stem
from an intriguing interplay among the charge, spin, and
orbital degrees of freedom of the transition-metal (TM)
cations and the lattice degree of freedom. Besides the
widely studied 3d TM oxides, in recent years the 5d and
4d TM oxides also draw a lot of attention due to their sig-
nificant spin-orbit coupling (SOC) effects1,2. Then crys-
tal field, electron correlation, SOC, and band formation
are all simultaneously present in such systems, and they
would probably bring about novel electronic and mag-
netic properties3–9.
The double perovskites A2BB’O6 (B=3d TM, B’=4d
or 5d TM) could form a B-B’ ordered atomic struc-
ture (interweaved fcc lattices) due to the quite differ-
ent charge states and ionic sizes of the 3d, and 4d
or 5d TM cations10. Sr2FeMoO6 and Sr2FeReO6 are
two representative examples, and they are classified as
a ferrimagnetic (FiM) half metal and display a giant
tunneling magnetoresistance effect above room temper-
ature11,12. Half metals bear fully spin-polarized carri-
ers and are an important kind of spintronic materials
and have promising technological applications. There-
fore, double perovskites have been largely explored for
their novel magnetic and electronic properties13–19. For
example, Sr2CrOsO6 shows a FiM order below TC ∼
725 K, which seems to be the highest TC record in the
(double) perovskite oxides14,15. Sr2FeOsO6 displays a
lattice instability and competing spin structures16. In
Sr2CoOsO6, the Co and Os sublattices exhibit different
magnetic ground states and spin dynamics17,18.
In this work, using density functional calculations, we
study the electronic structure and magnetism of the dou-
ble perovskite Ca2FeOsO6, which was newly synthesized
under a high- temperature and pressure19, see Fig. 1
for its crystal structure. It was reported to be a high-
temperature FiM insulator with TC ∼ 320 K
19. As seen
below, Ca2FeOsO6 has the high-spin Fe
3+-Os5+ charge
state. We plot in Fig. 2 a schematic level diagram and
two possible exchange pathways, which lead to either
an FM or an AF coupling between the Fe3+ and Os5+
ions. For a d5-d3 system, one may expect a FM cou-
pling, taking into account a local Hund exchange and a
d4-d4 charge fluctuation. In the present case, however, a
FM superexchange would require a virtual hopping of the
Fe3+ eg electrons to the otherwise empty Os
5+ eg states,
see Figs. 2(a) and 2(b). Then the excited Fe4+-Os4+
intermediate state is involved, but an involvement of the
high-level Os eg crystal-field states could energetically
disfavor this charge fluctuation process. On the other
hand, when a more common Fe2+-Os6+ charge fluctua-
FIG. 1: Double perovskite structure of Ca2FeOsO6. Rota-
tion and tilting of both the FeO6 and OsO6 octahedra cause
bended Fe-O-Os bonds, being 152◦ along the c axis, and 152◦
and 154◦ in the ab plane19.
2FIG. 2: Schematic crystal field level diagrams of the high-
spin Fe3+ and Os5+. While the eg electron hopping would
lead to an FM coupling, the t2g electron hopping would result
in an AF coupling.
tion state is considered, the down-spin Os5+ t2g electrons
would hop, forth and back, to the Fe3+ t2g states, thus
giving rise to an AF coupling between Fe3+ and Os5+,
see Figs. 2(b) and 2(c). As a result, there could be a
competition between the FM and AF couplings. More-
over, for both the magnetic Fe3+ (S = 5/2) and Os5+ (S
= 3/2) sublattices, there is in principle an AF coupling
in each fcc sublattice, and then spin frustration may also
get involved. Therefore, the magnetic ground state of
Ca2FeOsO6 and its spin-orbital physics are worth of a
prompt study.
II. COMPUTATIONAL DETAILS
We have used the full-potential augmented plane wave
plus local orbital method coded in the Wien2k package20.
Experimental lattice parameters are used19: Ca2FeOsO6
is monoclinic (β = 90.021◦, the space group P21/n) with
the lattice constants a = 5.393 A˚, b = 5.508 A˚, and c =
7.679 A˚. Owing to the rotation and tilting of the FeO6
and OsO6 octahedra, the Fe-O-Os bond angles range
from 152 to 154◦, see Fig. 1. In the following calcula-
tions, we have used a local coordinate system with each
axis being along the Fe-O (Os-O) bonds, in order to rep-
resent the Fe 3d and Os 5d orbital states in the local oc-
tahedral crystal field. Muffin-tin sphere radii are chosen
to be 2.8, 2.2, and 1.4 bohr for Ca, Fe/Os, and O atoms.
Cutoff energy of 16 Ryd is set for the interstitial plane
wave expansion, and 6×6×4 k mesh for integration over
the Brillouin zone. For the exchange-correlation func-
tional, the generalized gradient approximation (GGA) is
used; and GGA+U calculations are also performed for
including the static electron correlation21, with the Hub-
bard U = 5 eV (2 eV) and Hund J = 0.9 eV (0.4 eV)
for Fe 3d (Os 5d) states. The SOC is included by the
second-variational method with scalar relativistic wave
functions20. As seen below, however, in Ca2FeOsO6 the
Fe3+ (t32ge
2
g) and Os
5+ (t32g) cations have a large exchange
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FIG. 3: (Color online) (a) Os 5d density of states (DOS) cal-
culated by spin-polarized GGA for the artificial Ca2GaOsO6.
The Os5+ ion has a fully spin-polarized t32g↑ configuration.
(b) The j = 3/2 and j = 1/2 decomposed Os-5d t2g DOS
calculated by spin-restricted GGA+SOC. The strong mixing
between the j = 3/2 quartet and the j = 1/2 doublet is due
to the non-cubic crystal field and the band effect, see more in
the main text.
splitting and closed subshells. Therefore there is no or-
bital degree of freedom and the SOC is ineffective. More-
over, inclusion of the electron correlation does not affect
the conclusions derived from the GGA calculations.
III. RESULTS AND DISCUSSION
In the hybrid 3d-5d TM oxide Ca2FeOsO6, the spins
of the localized Fe 3d electrons would affect the delocal-
ized Os 5d electrons. In order to see an intrinsic effect
of the Os 5d electrons, we first carry out a spin-polarized
GGA calculation for the artificial Ca2GaOsO6 (assuming
the same structural parameters as Ca2FeOsO6) to check
a possible spin polarization of the Os ion, and a spin-
restricted GGA+SOC calculation to see how strong the
SOC is. We have replaced the magnetic Fe3+ by nonmag-
netic Ga3+, both of which have a similar ionic size (0.645
A˚/Fe3+ vs 0.620 A˚/Ga3+)22. As seen in Fig. 3(a), the
Os5+ ion has a large t2g-eg crystal field splitting of more
than 3 eV, which would make only the t2g electrons ac-
tive. The t2g states have an exchange splitting of 1.3 eV,
and they are fully spin-polarized, with the formal t32g↑
configuration (S = 3/2). Within its muffin-tin sphere,
Os5+ ion has a reduced spin moment of 1.81 µB due
to the delocalized behavior of the 5d electrons and their
3strong covalency with the oxygen ligands (a moderate
electron correlation slightly enhances the spin moment
to 1.88 µB in the GGA+U calculation for Ca2GaOsO6).
For the spin-restricted GGA+SOC calculation, we have
used the SOC basis set in a cubic crystal field, i.e., the
j = 3/2 quartet and j = 1/2 doublet1, to decompose
the t2g DOS, see Fig. 3(b). However, we find a strong
mixing between them, unlike the representative iridate
Sr2IrO4 in which the j = 3/2 and j =1/2 states are well
split by the SOC and they serve as a good basis set1,7.
This difference can be attributed to the deviation from
the cubic crystal field (due to the rotation and tilting
of the OsO6 and FeO6 octahedra in Ca2FeOsO6
19), and
to the inter-site hopping of the delocalized Os 5d elec-
trons in the fcc sublattice. The non-cubic crystal field
and the band effect smear out the otherwise SOC split-
ting of about 0.4 eV between the j = 3/2 and j = 1/2
states. Apparently, in Ca2FeOsO6 the Os
5+ ion has a
large intrinsic exchange splitting and has a closed t32g↑
subshell. Owing to this and to the band formation, the
SOC is insignificant, which can also be seen in the fol-
lowing GGA+U+SOC calculation.
As the Os ion has an intrinsic spin polarization, now
we study the exchange interaction between the Fe and Os
ions in Ca2FeOsO6. Here we calculate, using GGA and
GGA+U , the four magnetic states, namely, FM, G-AF
(i.e., FiM with Fe3+ being AF coupled to six neighboring
Os5+ and vice versa), C-AF (Fe3+-Os5+ AF coupling
in the ab plane and FM coupling along the c axis), and
A-AF (Fe3+-Os5+ FM coupling in the ab plane and AF
coupling along the c axis). The total energy results are
listed in Table I. Within GGA, the FM state is unstable
and no converged solution can be achieved. From the
total energy results of the three stable G-AF, C-AF, and
A-AF solutions, we find the G-AF ground state with a
local spin moment of 3.73 µB/Fe
3+ and –1.43 µB/Os
5+
(see Table II), which we can also name an FiM order.
The G-AF ground state is insulating, with a band gap
of 0.4 eV, see Fig. 4. We can see that in contrast to the
large energy separation of more than 4 eV between the
up-spin Fe3+ and Os5+ eg states, the down-spin Fe
3+
and Os5+ t2g states are separated by only the small
band gap of 0.4 eV, and their hybridization via the
O 2p orbitals can push the occupied Os5+ t32g↓ bands
downwards and thus stabilizes the FiM ground state.
In other words, the virtual hopping from Os5+ t32g↓
to the empty Fe3+ t02g↓ accounts for the FiM coupling
and the decreasing spin moment of 1.43 µB/Os
5+,
compared with the above calculated 1.81 µB/Os
5+
in the artificial Ca2GaOsO6 where no such hopping
TABLE I: Relative total energies (meV/fu) calculated by
GGA and GGA+U . The G-AF (FiM) is the ground state.
FM G-AF (FiM) C-AF A-AF
GGA - 0 90 273
GGA+U 367 0 50 203
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FIG. 4: (Color online) Fe3+ 3d and Os5+ 5d DOS calculated
by spin-polarized GGA for the FiM ground state. Positive
(negative) DOS values stand for the up (down) spin channel.
Fermi level is set at zero energy. The down-spin Fe3+-Os5+
t2g states are separated by only a small gap of 0.4 eV, and
their hybridization stabilizes the FiM ground state.
would occur. Taking into account the exchange cou-
plings between the Fe3+ and Os5+ (nearest neighboring
magnetic cations), and those of Fe3+-Fe3+ and of Os5+-
Os5+ (next nearest neighbors) in each fcc sublattice,
and neglecting the exchange anisotropy, we can write
the energy associated with different magnetic order to be
FM: 6JFe−Os + 6JFe−Fe + 6JOs−Os per formula unit,
G-AF: –6JFe−Os + 6JFe−Fe + 6JOs−Os,
C-AF: –2JFe−Os – 2JFe−Fe – 2JOs−Os,
and A-AF: 2JFe−Os – 2JFe−Fe – 2JOs−Os.
Here JFe−Os, JFe−Fe, and JOs−Os stand for the exchange
energy for each Fe-Os, Fe-Fe, and Os-Os pair, respec-
tively. Then the energy difference between the C-AF and
A-AF states, 273 – 90 = 183 meV/fu (equal to 4JFe−Os),
allows us to estimate the AF exchange energy per Fe-Os
pair (JFe−Os) to be about 46 meV.
The above GGA results show that Ca2FeOsO6 is a nar-
row band insulator. A strong (moderate) electron corre-
lation could well be present for the Fe 3d (Os 5d) states.
As such, we also carry out GGA+U calculations. We
find in Table I that the G-AF (FiM) state remains to
be the ground state, with now increasing spin moment
of 4.13 µB/Fe
3+ and –1.72 µB/Os
5+ (see Table II). The
4TABLE II: Spin magnetic moments (in unit of µB) of Fe
3+,
Os5+, and apical and planar O2− ions in the FiM ground
state of Ca2FeOsO6, and the insulating band gap (in unit
of eV). Os5+ has also a small orbital moment of 0.13 µB by
GGA+U+SOC.
Fe Os c-O ab-O Gap
GGA 3.73 –1.43 0.01 –0.02 0.4
GGA+U 4.13 –1.72 0 –0.03 1.1
GGA+U+SOC 4.13 –1.64 (0.13) 0 –0.03 0.8
energy difference between the C- and G-AF and that be-
tween the A- and G-AF are reduced due to the correla-
tion driven electron localization and decreasing exchange
interactions. Note that owing to the strong on-site and
orbitally polarized Coulomb potential exerted by the +U
method, the FM state can now be stabilized. In this FM
state, see Figs. 2(a) and 2(b), the Os5+ (t32g↑)-Fe
3+ elec-
tron hopping is forbidden, but the Fe3+ (e2g)-Os
5+ elec-
tron hopping is facilitated, both of which contribute to
the increasing Os5+ spin moment of 1.96 µB, compared
with 1.72 µB in the G-AF ground state of Ca2FeOsO6
and with 1.81-1.88 µB in the artificial Ca2GaOsO6. How-
ever, this metastable FM state lies at a much higher en-
ergy than the G-AF ground state by 367 meV/fu (equal
to 12JFe−Os). This allows us to estimate the decreasing
Fe3+-Os5+ AF exchange energy (JFe−Os) to be about 31
meV (compared with 46 meV by GGA). Note that the AF
JFe−Os can also be estimated, from the energy difference
between the C- and A-AF states (203 –50 = 153 meV/fu,
equal to 4JFe−Os), to be about 38 meV. The difference
(31 vs 38 meV) is reasonable, as the anisotropic exchange
constants in this distorted Ca2FeOsO6 are modeled by a
single parameter for each Fe-Os, Fe-Fe and Os-Os pair.
As seen in Fig. 5, the insulating gap of the G-AF (FiM)
ground state is increased up to 1.1 eV due to the electron
correlation effect. This G-AF (FiM) insulating ground-
state solution agrees well with the most recent experi-
mental finding19.
Now we probe the possible AF coupling within both
the fcc Fe3+ and Os5+ sublattices, whose values how-
ever cannot be extracted from the energy differences of
those magnetic states listed in Table I. We calculate
the FM state and the layered AF state (FM ab planes
in an AF stacking along the c axis) for both the arti-
ficial Ca2GaOsO6 and La2FeGaO6 (both assuming the
same structural parameters as Ca2FeOsO6, and more-
over, 0.645 A˚/Fe3+, 0.575 A˚/Os5+, and 0.620 A˚/Ga3+
all in a similar size22). Then JOs−Os and JFe−Fe can be
separately estimated. GGA+U calculations (U = 2 eV
and Hund J = 0.4 eV for Os 5d states) for Ca2GaOsO6
show that the layered AF state is more stable than the
FM state by 27 meV/fu (equal to 8JOs−Os), which allows
us to estimate the AF JOs−Os to be about 3.5 meV. Cor-
responding GGA+U calculations (U = 5 eV and Hund
J = 0.9 eV for Fe 3d states) for La2FeGaO6 show that
the layered AF state is more stable than the FM state
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FIG. 5: (Color online) Fe3+ 3d and Os5+ 5d DOS calculated
by GGA+U for the FiM ground state. The insulating gap is
increased to 1.1 eV.
by 20 meV/fu (equal to 8JFe−Fe). Then the AF JFe−Fe is
estimated to be 2.5 meV. Compared with the delocalized
Os5+ 5d orbitals (formal S = 3/2) and probably stronger
Os-Os magnetic coupling, the localized Fe3+ 3d orbitals
(S = 5/2) have a smaller exchange constant, but the
larger spin = 5/2 compensates for the weaker exchange,
giving rise to the comparable AF coupling energy for each
Os-Os pair and the Fe-Fe one (3.5 meV vs 2.5 meV).
With JFe−Os = 31 meV, JOs−Os = 3.5 meV, and JFe−Fe
= 2.5 meV, in Ca2FeOsO6 the C-AF state can also be
estimated to be higher in energy than the G-AF ground
state by 4JFe−Os – 8JOs−Os – 8JFe−Fe = 76 meV/fu,
and the A-AF state is less stable than the G-AF by
8JFe−Os – 8JOs−Os – 8JFe−Fe = 200 meV/fu. Besides
367 meV/fu energy difference between the FM and G-
AF states (equal to 12JFe−Os), the GGA+U calculated
energy difference of 50 meV/fu between the C-AF and
G-AF (see Table I), and that of 203 meV/fu between the
A-AF and G-AF are both well comparable or close to
the two estimated values of 76 and 200 meV/fu. This
also justifies our choice of the artificial Ca2GaOsO6 and
La2FeGaO6 to estimate the AF JOs−Os and JFe−Fe. As
the nearest neighboring Fe3+-Os5+ AF coupling energy
(more than 30 meV per pair) is one order of magnitude
larger than the next nearest neighboring Os-Os and Fe-Fe
AF coupling energy (both with only few meV), a possible
magnetic frustration in both the fcc Fe3+ and Os5+ sub-
lattices is actually suppressed, and then the collinear FiM
insulating state turns out to be the ground state. Us-
ing a simple mean-field model, TC could be estimated to
be ZJFe−Os/(3kB) = 2JFe−Os/kB ∼ 600 K, which would
5decrease upon a spin fluctuation and the possible spin
frustration. This estimated TC and the calculated band
gap of 1.1 eV for Ca2FeOsO6 well account for the exper-
imental above-room-temperature TC = 320 K and the
insulating gap of 1.2 eV19.
Finally, we note that in the present case, the SOC is
insignificant, as our GGA+U+SOC calculation for the
FiM ground state shows that the Os5+ has a spin mo-
ment of –1.64 µB (compared with –1.73 µB by GGA+U)
but a small orbital moment of 0.13 µB. Moreover, we ex-
plore a possibility to get a FM Fe3+-Os5+ coupling, which
might be expected for a d5-d3 pair due to the eg hop-
ping mechanism. In the test calculations, we stretch the
c-axis Fe-O-Os bended bonds (152◦) into straight ones
by slightly enlarging the c-axis lattice constant (from
the experimental 7.68 A˚19 to the artificial 7.92 A˚) and
moving apical oxygens into the straight bonds (for fix-
ing the experimental Fe-O-Os bond distances). As the
c-axis straight bonds would facilitate the eg hopping, a
c-axis FM coupling could be promoted and then the C-
AF state could become most stable. Indeed, our calcula-
tions show that with such structural changes, the C-AF
becomes the ground state and it is more stable than the
G-AF state by 31 meV/fu in GGA and by 35 meV/fu
in GGA+U . Note, however, that a large elastic energy
cost of about 1.2 eV/fu, associated with the structural
changes, would actually prevent such phase occurring.
Then G-AF (FiM) is indeed the magnetic ground state
for Ca2FeOsO6.
IV. CONCLUSION
In summary, we find, using density functional calcu-
lations, that the newly synthesized double perovskite
Ca2FeOsO6 is an FiM insulator. It has the high-spin
Fe3+-Os5+ charge state. The Os5+ ion has a large
exchange splitting and has a closed t32g↑ subshell, and
therefore the spin-orbit coupling is insignificant. The
nearest neighboring Fe3+-Os5+ AF coupling energy
is more than 30 meV per pair, but the next nearest
neighboring AF coupling energy per Os5+-Os5+ pair and
that per Fe3+-Fe3+ pair are both only few meV. Thus, a
possible magnetic frustration is suppressed in both the
fcc Os5+ and Fe3+ sublattices, and Ca2FeOsO6 displays
a high-TC FiM order. This work well accounts for the
recent experiment19.
Acknowledgment. This work was supported by the
NSF of China (Grant No. 11274070), PuJiang Program
of Shanghai (Grant No. 12PJ1401000), and ShuGuang
Program of Shanghai (Grant No. 12SG06).
∗ Corresponding author. wuh@fudan.edu.cn
1 B. J. Kim, Hosub Jin, S. J. Moon, J.-Y. Kim, B.-G. Park,
C. S. Leem, J. Yu, T. W. Noh, C. Kim, S.-J. Oh, J.-H.
Park, V. Durairaj, G. Cao, and E. Rotenberg, Phys. Rev.
Lett. 101, 076402 (2008).
2 B. J. Kim, H. Ohsumi, T. Komesu, S. Sakai, T. Morita, H.
Takagi, and T. Arima, Science 323, 1329 (2009).
3 G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205
(2009).
4 X. G. Wan, A. M. Turner, A. Vishwanath, and S. Y.
Savrasov, Phys. Rev. B 83, 205101 (2011).
5 I. I. Mazin, Harald O. Jeschke, K. Foyevtsova, Roser Va-
lent´ı, and D. I. Khomskii, Phys. Rev. Lett. 109, 197201
(2012).
6 W. G. Yin, X. Liu, A. M. Tsvelik, M. P. M. Dean, M. H.
Upton, J. Kim, D. Casa, A. Said, T. Gog, T. F. Qi, G.
Cao, and J. P. Hill, Phys. Rev. Lett. 111, 057202 (2013).
7 X. Ou and H. Wu, Phys. Rev. B 89, 035138 (2014).
8 X. Ou and H. Wu, Sci. Rep. 4, 4609 (2014).
9 G. Cao, T. F. Qi, L. Li, J. Terzic, S. J. Yuan, L. E. DeLong,
G. Murthy, and R. K. Kaul, Phys. Rev. Lett. 112, 056402
(2014).
10 M.T. Anderson, K.B. Greenwood, G.A. Taylor, and K.R.
Poeppelmeier, Prog. Solid State Chem. 22, 197 (1993).
11 K.-I. Kobayashi, T. Kimura, H. Sawada, K. Terakura, and
Y. Tokura, Nature (London) 395, 677 (1998).
12 K.-I. Kobayashi, T. Kimura, Y. Tomioka, H. Sawada, K.
Terakura, and Y. Tokura, Phys. Rev. B 59, 11159 (1999).
13 D. Serrate, J. M. De Teresa, and M. R. Ibarra, J. Phys.
Condens. Matter 19, 023201 (2007).
14 Y. Krockenberger, K. Mogare, M. Reehuis, M. Tovar, M.
Jansen, G. Vaitheeswaran, V. Kanchana, F. Bultmark, A.
Delin, F. Wilhelm, A. Rogalev, A. Winkler, and L. Alff,
Phys. Rev. B 75, 020404(R) (2007).
15 O. N. Meetei, O. Erten, M. Randeria, N. Trivedi, and P.
Woodward, Phys. Rev. Lett. 110, 087203 (2013).
16 A. K. Paul, M. Reehuis, V. Ksenofontov, B. Yan, A. Hoser,
D. M. To¨bbens, P. M. Abdala, P. Adler, M. Jansen, and
C. Felser, Phys. Rev. Lett. 111, 167205 (2013).
17 R. Morrow, R. Mishra, O. D. Restrepo, M. R. Ball, W.
Windl, S. Wurmehl, U. Stockert, B. Bu¨chner, and P. M.
Woodward, J. Am. Chem. Soc. 135, 18824 (2013).
18 B. Yan, A. K. Paul, S. Kanungo, M. Reehuis, A. Hoser, D.
M. To¨bbens, W. Schnelle, R. C. Williams, T. Lancaster,
F. Xiao, J. S. Mo¨ller, S. J. Blundell, W. Hayes, C. Felser,
and M. Jansen, Phys. Rev. Lett. 112, 147202 (2014).
19 H. L. Feng, M. Arai, Y. Matsushita, Y. Tsujimoto, Y. Guo,
C. I. Sathish, X. Wang, Y. H. Yuan, M. Tanaka, and K.
Yamaura, J. Am. Chem. Soc. 136, 3326 (2014).
20 P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, and J.
Luitz, WIEN2k, 2001. ISBN 3-9501031-1-2.
21 V. I. Anisimov, I. V. Solovyev, M. A. Korotin, M. T.
Czyz˙yk, and G. A. Sawatzky, Phys. Rev. B 48, 16929
(1993).
22 R. D. Shannon, Acta Crystallogr. Sect. A 32, 751 (1976).
